Abstract-With the growing interest to explore Jupiter's moons, technologies with +10 Mrad(Si) tolerance are now needed, to survive the Jovian environment. Conductive-bridging random access memory (CBRAM) is a nonvolatile memory that has shown a high tolerance to total ionizing dose (TID). However, it is not well understood how CBRAM behaves in an energetic ion environment where displacement damage (DD) effects may also be an issue. In this paper, the response of CBRAM to 100-keV Li, 1-MeV Ta, and 200-keV Si ion irradiations is examined. Ion bombardment was performed with increasing fluence steps until the CBRAM devices failed to hold their programed state. The TID and DD dose (DDD) at the fluence of failure were calculated and compared against tested ion species. Results indicate that failures are more highly correlated with TID than DDD. DC cycling tests were performed during 100-keV Li irradiations and evidence was found that the mobile Ag ion supply diminished with increasing fluence. The cycling results, in addition to prior 14-MeV neutron work, suggest that DD may play a role in the eventual failure of a CBRAM device in a combined radiation environment.
TID tolerance makes it well suited for use in a high-dose environment such as Jupiter [3] [4] [5] . Researching and developing technologies that can survive the gas giant's radiation environment will be crucial to the success of those missions. In these extreme environments, electronics can be exposed to tens of Mrad(Si) over a matter of months in addition to displacement damage (DD) due to the heavier high energy ions trapped in the magnetosphere [3] . It is now relevant and necessary to examine the thresholds of radiation tolerance in CBRAM devices as well as begin to delve deeper into the mechanisms responsible for observed radiation effects.
CBRAM has been shown to be TID tolerant up to 10 Mrad(Ge 30 Se 70 ) for AgGe 30 Se 70 devices [6] [7] [8] and 7.1 Mrad(SiO 2 ) for Cu-SiO 2 devices [9] , [10] . Recent investigations into DD effects indicate some sensitivity to 14-MeV neutrons during device programing at high fluences on the order of 10 13 n/cm 2 [11] . That the same study found that AgGe 30 Se 70 devices experienced changes in resistance state after exposure to high fluences (4.2 × 10 13 ions/cm 2 ) of 200-keV Si ions, with irrecoverable failure after 1.7 × 10 14 ions/cm 2 [11] . The previous ion experiment used a high fluence to guarantee a state change. In this paper, the 200-keV Si ion irradiations are performed again to determine the lowest fluence necessary to induce a resistance change. In addition to Si ions, 100-keV Li, and 1-MeV Ta irradiations were performed to compare TID and DD effects based on the differences in respective linear energy transfer (LET) and nonionizing energy loss (NIEL).
Previous studies have reported the results of heavy-ion testing on HfO 2 [12] , TaOx, and TiO 2 [13] [14] [15] valence change memories. Valence change memory, or OxRAM, is a filamentary resistive memory technology similar to CBRAM [16] . During ion bombardment, the resistance state of OxRAM devices was shown to decrease after a fluence threshold. The failure in those studies was attributed to an increase in oxygen vacancies that increased the number of conductive paths between the terminals [13] . This paper will show that for CBRAM devices, a similar decrease in resistance is observed. While the precise cause of failure in CBRAM is not yet known, we discuss potential mechanisms related to ion-induced material phase transitions. CBRAM is a two-terminal electrochemical resistive memory where the resistive state is controlled by the formation of a metallic filament bridging the two terminals [17] . A CBRAM device is a three-layer material stack with a bottom cathode contact made from an inert metal, typically Ni or W, a solid electrolyte layer formed by doping Ge 30 Se 70 with a reactive metal, such as Ag or Cu, and a top anode contact of the same reactive metal. When a positive voltage is applied to the anode the reactive metal oxidizes, creating cations that migrate through the electrolyte to the cathode contact where the metal ion is reduced [18] . While the bias is maintained the cations from the anode continue to migrate and form a filament from the cathode to the anode. The low-resistance state (LRS) of the device is defined by the resistance of the formed conductive filaments, shown as the linear region in Fig. 1 . A negative bias on the anode will reverse the reduction-oxidation process and dissolve the filament back to the anode contact. The resistance between the two terminals with no filament present is the high-resistance state (HRS). Fig. 1 marks the erase threshold where the filament breaks and the resistance becomes high.
During the operation of NVM, a device can be written to, read from, or sit idle, retaining its programed state. To the best understand how radiation can affect the performance, it is necessary to test each operations while in a radiation environment. NVM typically spends much of its life retaining a state. In this paper, the retention of a programed retention state and the programing window is measured with increasing ion fluence. The programing window is the opening in the hysteretic curve (as marked in Fig. 1 ) and is mathematically defined by the ratio between the HRS and LRS extracted during dc cycling.
Testing was performed with 100-keV Li, 200-keV Si, and 1-MeV Ta ions. For dc cycling testing, only 100-keV Li tests were performed and the results are compared to retention testing and previous neutron tests performed with dc cycling [11] . Energy loss from ionization (TID) and atomic displacements were then calculated at the ion fluences where failures occurred. Section II provides the fabrication process used to create the CBRAM crossbar devices. Section III describes the electrical measurements performed for retention of state testing and dc cycling tests and includes details on the fluence steps used during irradiation. Section IV presents the results of CBRAM characterization during the heavy-ion exposures. Section V compares the TID and DD effect and discusses properties of the chalcogenide system that could contribute to the effects observed. Section VI provides a conclusion with a brief highlight of key findings.
II. FABRICATION
CBRAM devices were fabricated in the NanoFab cleanroom at Arizona State University, Tempe, AZ, USA. The crossbar devices were fabricated in the following manner. A 525-μm Si wafer was coated in 104 nm of SiO 2 using plasma-enhanced chemical vapor deposition (PECVD). The SiO 2 layer provides electrical isolation of the CBRAM array from the Si wafer. The 65-nm Ni cathode contacts were deposited using electron beam evaporation in a Lesker PVD75. The Ni layer was patterned using photoresist and wet etched using Nickel Etchant TFB to create the bottom bar feature. The device isolation layer was created by coating the cathode contacts in 96 nm of PECVD SiO 2 . Circular features were etched through the SiO 2 layer down to the Ni contacts by patterning a double layer resist and etching the SiO 2 using an anisotropic reactive ion etch in a Plasmatherm 790. The wafer was patterned with a double layer liftoff resist (LOR), and the switching layer of the devices was created using thermal evaporation in a Cressington 308R. First, 65 nm of Ge 30 Se 70 was evaporated followed by 30 nm of Ag. The wafer was removed from vacuum and exposed to a 3.26-mW/cm 2 UV source to a dose of 5.30 J/cm 2 to photodope the Ag into the Ge 30 Se 70 layer [19] . Studies of photodiffusion in Ge 30 Se 70 systems suggest that the Ag concentration is saturated at 33 at% [20] . The UV dose was selected to allow substantial diffusion of the Ag into the glass without damaging the resist layer, making liftoff difficult. The wafer was placed back in the Cressington and an additional 35 nm of Ag was deposited. The resist was dissolved in acetone to liftoff the excess material, leaving behind the CBRAM cells in the holes etched through the SiO 2 . The top anode contacts were patterned with LOR and 350 nm of Al was sputtered using a Lesker PVD75. The excess Al was lifted off in acetone to create the Al crossbar. The finished wafer was annealed at 110°C for 20 min. The full device stack is shown in Fig. 2 . Devices prepared for Ta and Si ion irradiation exposures do not have an overlaying Al layer and were from the fabricated batch used in [11] .
III. EXPERIMENTAL SETUP
All heavy-ion irradiations were performed at the Ion Beam Laboratory at Sandia National Laboratories (SNL). 60 Co γ -ray irradiations were performed at the Gamma Irradiation Facility (GIF) also located at SNL. Prior to testing, the devices were cycled with a dc current-voltage (I -V ) sweep using an Agilent B1500 parameter analyzer to verify that the devices operated correctly. Each device was programed with a 10-mV staircase sweep from 0 to 0.3 V and back to 0 V and erased with a sweep from 0 to −0.8 V back to 0 V. Typically, five to ten initial sweeps are performed.
A. 100-keV Li + Ion Beam Exposures
CBRAM crossbars with 5-μm diameter circular devices were used for the Li ion irradiations. Exposures were performed using the NanoImplanter (NI) raster scanning focused ion beam. Prior to exposure the devices were placed under vacuum in the NI and probed and I -V measurements performed. Two different measurements were performed. The first set of tests examined the retention of a programed resistive state to an increasing fluence of ions. The second test looked at how the programing window of a device evolved with increasing fluence. Fig. 1 depicts the definition of the programing window as well as marks the HRS and LRS of a typical I -V sweep. For the state retention testing, three devices were erased into an HRS and three were programed to an LRS with a 10-μA compliance current. A small (sub programing threshold) dc I -V read sweep from 0 V to 30 mV was used to sample the resistive state of the device before irradiation. Each device was exposed and tested individually. The 40-nm diameter Li beam was raster scanned in 40-nm steps over a 25 μm × 25 μm area over each device to a fluence of 10 11 ions/cm 2 . The device remained probed during irradiation with no bias applied. After irradiation, the 30-mV read sweep was applied to measure the state of the device. Exposures were continued in 10 11 ions/cm 2 fluence steps to 10 12 ions/cm 2 where the fluence was increased to 10 12 ions/cm 2 steps and at 10 13 ions/cm 2 the step was increased to 10 13 ions/cm 2 . A read sweep was performed on the device after each fluence step. The devices were irradiated up to a total fluence of 5 × 10 13 ions/cm 2 or until the device shorted.
Two devices were used to examine the response of the HRS/LRS programing window to ion bombardment. Prior to exposure, each device was dc cycled and left in the HRS. The state was read with a 30-mV dc sweep before exposure. After each fluence step, a dc read was performed followed by a dc cycle then another dc read prior to the next irradiation. A 10 12 -ions/cm 2 fluence step was used for each irradiation up to a total fluence of 3 × 10 13 ions/cm 2 or until the device failed to switch. The HRS and LRS were extracted from the I -V curve at the 30-mV point.
B. 200-keV Si 2+ Ion Beam Exposures
Six 5-μm diameter circular CBRAM devices with an offset Al contact, similar to the device in the inset of Fig. 3 , were tested. Two devices were tested in an HRS and the remaining four were programed to the LRS using a 25-μA compliance. The devices were from the same wafer as the crossbar structures used for Li-ion testing. It was necessary to use devices with no direct Al overlayer, as the 350-nm Al layer was too thick to allow 200-keV Si ions to penetrate to the electrolyte layer. Si-ion exposures were performed in the same manner as Li-ion testing. Prior to testing, each device was dc cycled to verify that the device was functional. At the start of the test, each device was programed to either an HRS or LRS and the status of its resistive state was measured at each fluence step using a 30-mV dc sweep.
C. 1-MeV Ta 2+ Ion Beam Exposures
Three devices were irradiated with Tandem accelerated 1-MeV Ta ions. The devices tested were those described in [6] with the Al contact offset from the area of the CBRAM cell, as depicted in Fig. 3 . The devices were wire bonded in a 24-pin dual in-line package and placed on a circuit board inside the beam line with BNC accessible connections to an Agilent 4155 parameter analyzer. Two of the devices were dc cycled and erased into an HRS while the third device was cycled and programed into an LRS with a 10-μA compliance current. The Ta ion beam was approximately 500 μm × 1000 μm and fully covered the device area, as shown in the beam profile overlay in Fig. 3 . During each exposure, a 50-mV read bias was applied to the anode contact with the cathode grounded.
D. SRIM Calculations
The stopping and range of ions in materials (SRIM) [21] was used to calculate the deposited TID and displacement damage dose (DDD) due to ion bombardment. To perform the calculation, the ion ranging tables were generated from SRIM for each ion in each material used in the CBRAM fabrication. The LET and NIEL values were noted as the ion entered, passed through, and left the material layer. The starting ion energy, as the ion entered the next layer, was the final energy as it left the previous layer. The calculated ion energy loss through the material stack for each ion is shown in Fig. 4 . The LET and NIEL in the chalcogenide switching layer is shown in Fig. 5 . The LET and NIEL values generated from SRIM were converted to TID and DDD using the following equations:
where K = 1.6 × 10 −8 rad · g · MeV −1 and is the fluence in ions/cm 2 .
E. 60 Co γ -Ray in Situ Exposure
Two packages of CBRAM crossbar devices were irradiated at the GIF for a total of 12 tested devices. Each package was irradiated separately. During exposure, the package under test was placed onto a printed circuit board (PCB) that allowed ribbon cable connection outside the gamma cell. The PCB was encased in a Pb-Al enclosure to reduce exposure to low energy scattered electrons. CaF 2 thermoluminescent dosimeters were placed around the package to measure the dose received at the device. Each package was irradiated at a dose rate of ∼475 rad(Si)/s. The first package, containing four devices, was irradiated to 22.8 Mrad(Ag 5 Ge 3 Se 7 ), while the second package was irradiated to 23.9 Mrad(Ag 5 Ge 3 Se 7 ). A temperature probe was used inside the enclosure to monitor any significant heating during exposure.
During exposure, a 50-mV read bias was applied to the anode of each device, while grounding the cathode. The respective resistive states were monitored in situ using a Yokogawa DL850E oscilloscope. Of the 12 devices tested, seven were programed to an LRS and five to an HRS. A third package containing two HRS and two LRS control devices was tested outside of the gamma cell. The states of the control devices were monitored using the oscilloscope. Prior to exposure, all devices were dc I -V cycled five times to verify the operation and switching capability of each device.
IV. RESULTS

A. State Retention During Heavy-Ion Bombardment
For the Li-ion exposure, three devices were initially set to an HRS, while three others were set to an LRS. The resistance state of the six devices versus the accumulative Li ion fluence is shown in Fig. 6 . The TID calculated using SRIM is marked on the top x-axis. Devices programed to an HRS are plotted with dotted lines, while the devices set to an LRS are solid lines. Of the devices programed to an LRS, only device 3 shorted after a fluence of 3 × 10 13 ions/cm 2 . Devices 1 and 2 failed to retain their initial state after a fluence of 10 13 ions/cm 2 , but they did not short. For the three devices programed to an HRS, devices 5 and 6 were shorted to an LRS. Device 5 shorted at a fluence of 2 × 10 13 ions/cm 2 . Device 6 decreased in resistance after a fluence of 3×10 12 ions/cm 2 and shorted after 3 × 10 12 ions/cm 2 . Device 4 did not transition to an LRS but decreased slightly in resistance after a fluence of 10 13 ions/cm 2 .
The postresistance state after each pulse versus accumulative fluence is plotted in Fig. 7 for the 1-MeV Ta-ion exposure. Devices 1 and 2 were set to an HRS prior to exposure, and device 3 was set to the LRS. Both devices in the HRS transitioned to a lower resistance after a fluence of 10 12 and 3×10 12 ions/cm 2 for devices 2 and 1, respectively. The device in an LRS was only tested up to 6 × 10 11 ions/cm 2 with no notable change in resistance observed. Resistive state of CBRAM devices during 1-MeV Ta-ion bombardment. The results of the 200-keV Si-ion exposure are shown in Fig. 8 . All six devices tested showed a decrease in resistance at fluences above 10 12 ions/cm 2 . HRS device 1 decreased in resistance at 2 × 10 12 ions/cm 2 and LRS devices 3 and 4 decreased at 10 12 and 3.4 × 10 12 ions/cm 2 , respectively. HRS device 2 and LRS devices 5 and 6 did not decrease until and 2×10 13 ions/cm 2 . Unlike the state transition of device 1, once the resistive state of device 2 began to decrease, the change was gradual with increasing fluence.
B. DC Current-Voltage Cycling
Each device was dc cycled once after each fluence step. During exposure the device was left in the HRS. Fig. 9 shows how the HRS/LRS programing window collapsed after a fluence of 10 13 ions/cm 2 . Fig. 10 shows the measured HRS and LRS for both devices for each I -V sweep performed. Though both devices were located on the same die, device 1 was capable of switching with an HRS/LRS ratio 10× that of device 2. Since the LRS for a given compliance can be consistently set in radiation free lab conditions, as shown by the control devices, the variation in the programing window is typically a result of variance in the HRS [7] , [22] . The 10× HRS difference between devices 1 and 2 is shown in Fig. 10 . This HRS variation is typically observed in research quality CBRAM devices.
The gray region of Fig. 10 highlights an interesting trend where the HRS and LRS of both devices increased prior to the HRS collapsing to the LRS value (shorted). Fig. 11 displays the programing sweeps of both devices during the exposures marked by the gray area. In this region, the ohmic LRS response is shown to become less linear with increasing fluence. The ragged profile of the LRS curve suggests that ion migration is occurring around the filament structure. The spikes of conductivity are most likely from nucleated Ag that has come into contact with the filament but is then repelled or migrates away from the filament. An insufficient supply of Ag + toward a developing filament will result in a concentration gradient, causing the filament to be partially dissolved. When a device is programed with a dc sweep, the applied positive bias initiates the REDOX reaction while the electric field drives the Ag + through the electrolyte. In a room temperature lab environment, enough Ag + is supplied to allow a stable, near ohmic, filament to form. The nonohmic response of the curves in Fig. 11 suggests that not enough Ag is being supplied to create a robust filament, resulting in a partially discontinuous filament [10] . The nonlinear response, in addition to the increase in HRS, provides evidence that the electrolyte region of the device has changed in such a way to diminish Ag migration. This behavior is further discussed in Section V.
C. Retention of State During 60 Co TID Exposure
Ion irradiations result in a combined environment characterized by both ionizing and NIEL. Separating effects due purely to TID versus DD is a tricky process unless the mechanism responsible for the observed failures is known. To examine the potential for TID effects, γ -ray testing using 60 Co was performed up to 23.9 Mrad(Ag 5 Ge 3 Se 7 ). Fig. 12 shows the in situ response of the seven devices programed to an LRS and the five devices programed to HRS. Throughout the 16-h exposure, several devices did drift from their initial resistance state, but all devices maintained their relative binary state (no switch from HRS or LRS or vice versa). One HRS device, shown as the red curve, did drift toward the LRS state, but did not experience a sudden transition, such as those observed during ion testing. This HRS device also started in a lower than typical HRS state, most likely due to a partially formed filament.
V. DISCUSSION
DC I -V sweeps were performed to characterize the behavior of device programing after ion bombardment. The sweeps provide insight into device characteristics that are useful in determining how filament growth is affected during irradiation. The gray region of Fig. 10 highlights the fluences where the I -V characteristic of a CBRAM device began to distort prior to the collapse of the HRS/LRS window. The programing sweeps in Fig. 11 show that the LRS region becomes less linear with increasing fluence, indicating that the conduction mechanism along the filament path is changing. Typically, the LRS region is nearly ohmic due to the metallic filament spanning the two electrodes [1] , [18] . Actual conduction along the filament has been found to be regulated by quantum point confinement at narrow points in the filament [23] , [24] . In some cases, particularly in Cu-SiO 2 devices, the LRS region can become nonlinear due to partial filament dissolution as the electric field across the terminals decreases during the sweep [10] . The nonlinear LRS region, in addition to the increase in HRS, indicates that there is a reduction in mobile Ag-ion concentration throughout the glass layer. During filament formation, if a sufficient density of ions cannot replenish the region around a developing filament, diffusion forces take over, pulling Ag away from the filament to reach a diffusive equilibrium.
For Se-rich glasses (x < 0.33 in Ge x Se 1−x ) Ag dopant behaves as a network modifier, forming Ag 2 Se crystalline phases throughout the chalcogenide glass network [25] , [26] . The Ag 2 Se nanocrystals are fast ion conductors, facilitating the hopping of Ag + cations through the chalcogenide glass [25] , [26] . The nanocrystals act as nucleation sites for filament growth with the dominate filament path dictated by local fields and a sufficient ion supply. A completed bridging filament, from cathode to anode, will be a connect-the-dots structure between the smaller filaments forming from the nanocrystals [18] . Two crystalline phases exist for Ag 2 Se. The α-Ag 2 Se phase is a body centered cubic with high ion conductivity and the β phase is orthorhombic with a lower ionic conductivity [26] [27] [28] . In bulk Ag 2 Se, the superionic conductor α phase only exists at temperatures above 350°C [26] . When Ag is photodoped into the Ge 30 Se 70 glass, Ag is able to fill the voids in the glass and react with Se [28] . As the glass contracts due to UV interactions, stress is placed on the Ag 2 Se crystal allowing it to exist as α-Ag 2 Se [25] , [28] , [29] . It can be inferred that any damage caused to the Ge-Se backbone would result in the release of the pressure applied to α-Ag 2 Se, resulting in the immediate decay to β-Ag 2 Se. The creation of β-Ag 2 Se during 60 Co irradiations has been demonstrated at TID up to 4.5 Mrad [28] . The reduction in ion conductivity due to an increasing percentage of β-Ag 2 Se could affect the supply of Ag + ions needed to properly form the filaments.
The results of dc cycling demonstrate that the switching layer of the CBRAM device is changing with radiation, but it is unclear as to why the resistive state rapidly decreases during failure. Using the doses calculated from SRIM, Fig. 13 is constructed to assess if TID or DDD played the greater role in the state failure during retention testing. Using the point at which the resistance reduced by more than a half decade, the TID and DDD were calculated at the fluence step prior to failure. At failure, the 1-MeV Ta ions are shown to produce six times the DDD as 200-keV Si and 10× the DDD as the 100-keV Li ions though most devices experienced resistance decreases within the same magnitude of TID. This strongly suggests that the observed changes were a result of TID. However, three devices exposed to Si ions did not fail until higher fluences and one device in an HRS exposed to Li ions did not fail during the fluences tested. To test for effects due purely to TID, the 60 Co γ -ray exposures were performed up to 24 Mrad(Ag 5 Ge 3 Se 7 ). During those exposures, as shown in Fig. 12 , there were no drastic decreases in resistive state. Four of the 15 devices exposed to heavy ions were shown to exhibit changes in resistance by 24 Mrad(Ag 5 Ge 3 Se 7 ). Further TID testing beyond 50 Mrad(Ag 5 Ge 3 Se 7 ) may be needed to conclusively state whether or not TID alone can cause a failure of retained state. The stability of the CBRAM during TID testing in addition to the higher fluence threshold seen during Si-ion testing, implies that DDD may be a contributing to the observed effects.
Failure occurred for dc cycling within the same fluence range as retention testing of the 100-keV Li-ion exposure. The similar fluence threshold indicates that the failure mechanism may be the same for both tests. Based on dc sampling taken pre and post each fluence step, at failure, the devices were observed to short prior to the I -V sweep being performed. After shorting, many devices could be partially erased after several erase sweeps, indicating that the short was due to an introduction of Ag and not due to a material change resulting in a permanent conductive path. It is not yet clear what mechanism is responsible for the introduction of excess Ag. At high TID, Ag may be introduced via local fields created from carrier generation. The creation of the β-Ag 2 Se phase may reduce the recombination rate of carriers, allowing a buildup of charge. Kinetic ion interactions could also release Ag bound to the Ag 2 Se compounds, increasing the supply of mobile Ag ions within the chalcogenide layer. Further material analysis is necessary to determine how the switching layer is evolving at these higher doses of radiation. Bulk film samples of the chalcogenide switching layer can be fabricated and irradiated to the predicted TID threshold using 60 Co γ -ray and heavy-ion bombardment. X-ray diffraction and Raman spectroscopy can be used to determine how the Ag compounds within the electrolyte evolve with dose, as described in [28] .
VI. CONCLUSION
The response of AgGe 30 Se 70 CBRAM to 100-keV Li, 1-MeV Ta, and 200-keV Si ion irradiations was examined. In all irradiations the programed resistance state of the CBRAM devices were seen to decrease after a certain fluence. The TID and DDD in the AgGe 30 Se 70 switching layer were calculated for each exposure at the point where the resistance state decreased. The TID and DDD threshold of each device was compared, and it was found that TID was more highly correlated than DDD, suggesting that TID was the main cause of failure. 60 Co retention testing to 24 Mrad(Ag 5 Ge 3 Se 7 ) showed no abrupt failure, indicating that failure during ion testing may be a synergistic response to the combined ion environment. The high failure thresholds of the ion bombardment testing and the lack of device failure during 60 Co irradiation indicate that these devices would be capable of surviving the Jovian environment up to 10 Mrad.
